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Abstract: With the advancement of portable optoelectronics, organic semiconductors have been
attracting attention for their use in the sensing of white and near-infrared light. Ideally, an organic
photodiode (OPD) should simultaneously display high responsivity and a high response frequency.
In this study we used a ternary blend strategy to prepare PM6: BTP-eC9: PCBM-based OPDs with a
broad bandwidth (350-950 nm), ultrahigh responsivity, and a high response frequency. We monitored
the dark currents of the OPDs prepared at various PC7 BM blend ratios and evaluated their blend film
morphologies using optical microscopy, atomic force microscopy, and grazing-incidence wide-angle
X-ray scattering. Optimization of the morphology and energy level alignment of the blend films
resulted in the OPD prepared with a PM6:BTP-eC9:PCy;BM ternary blend weight ratio of 1:1.2:0.5
displaying an extremely low dark current (3.27 x 10~? A cm~2) under reverse bias at —1 V, with an
ultrahigh cut-off frequency (610 kHz, at 530 nm), high responsivity (0.59 A W1, at —1.5 V), and high
detectivity (1.10 x 1013 Jones, under a reverse bias of —1 V at 860 nm). Furthermore, the rise and fall
times of this OPD were rapid (114 and 110 ns), respectively.

Keywords: organic photodetector; high performance; fullerene; responsivity

1. Introduction

Solution-processed organic photodetectors (OPDs) have the potential to replace in-
organic photodetectors because of their light weight, flexibility, potentially lower cost
(e.g., combining solution processing with roll-to-roll manufacture), and ability to select
wavebands by using organic semiconductors with various chemical structures [1-4]. Ac-
cordingly, OPDs could become key components in modern technologies based on light-
to-electrical signals—not only in photodetectors but also in, for example, high-speed data
transmission, medical imaging, and environmental lighting [5,6]. There are many ex-
amples of light-sensing materials that operate in various wavelength bands, including
the near-infrared (NIR), visible, X-ray, and ultraviolet [5-13]. Furthermore, there have
been many recent studies aimed at improving the responsivity (R) or decreasing the dark
current (J4) of OPDs, as well as determining the relationship between the two [6,13,14].
At present, the linear dynamic range (LDR) of OPDs can compete with that of inorganic
photodetectors [2,15,16], but simultaneously exhibiting high responsivity, a fast response
frequency, and an ultralow dark current (J4) at reverse bias remains a challenge for solution-
processed OPDs.

Rapid progress in nonfullerene acceptors (NFA) has led to the power conversion
efficiency (PCE) of organic photovoltaics (OPVs) exceeding 18% [17]. The development
of NFAs had also benefitted the preparation of OPDs incorporating these state-of-the-art
OPV materials. Table S1 summarizes the performance of recently reported OPDs. For
example, Kim and co-workers prepared an indigo-based NFA:P3HT OPD operating with an
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absorption wavelength of 350-650 nm and with a value of J4 of 2.9 x 1078 Acm™2 (at —3V)
and a high detection ratio (D*) of approximately 10'2 Jones [18]. Brabec et al. reported an
IDTBR:P3HT OPD that provided a value of Jq of 2 x 1078 A em~2 (at —5 V) and a high
responsivity (R) of 0.42 A W1 in the NIR region [10]. Wang and co-workers developed an
indigo-based PBDTTT-EFT: eh-IDTBR OPD exhibiting a value of J4 of 1.13 x 1077 A cm 2
and a high value of D* of 1.63 x 10' Jones at —1 V (notably, this value of D* is the highest
reported in the literature) [2]. Gasparini et al. described a visible-light-sensitive OPD
(prepared using a blend of PTQ10:0-FBR or O-IDTBR) showing an ultralow value of J4 of
1.7 x 1071 A cm~2 (at —2 V) and a high response speed (cut-off frequency: 110 kHz) [19].
Zhang et al. prepared a double-layer (PM6:Y6/P3HT:PC71 BM) OPD displaying an LDR of
158 dB at —5 V [20]. Although these studies demonstrate the great advancements that have
been made in the state-of-the-art solution-processed OPDs, there remains plenty of room to
realize high-performance OPDs with simultaneously optimized responsivities, detection
ratios, and response speeds.

Ternary blend strategies can greatly improve the performance of OPDs and lead to
great success in OPV applications [21]. The third component in a ternary blend can play
several roles: modifying the morphology, altering the energy levels, and extending the
range of light absorption. OPDs based on ternary blends have also displayed improved
device performance [22-25]. OPDs and OPVs operate at reverse and forward biases,
respectively. A thicker blend film is required for an OPD and, indeed, its optimized
morphology can vary between applications. For example, high crystallinity of the blend
moieties can lead to efficient carrier transport and improve the performance of OPVs under
balanced electron/hole extraction. In OPDs, such high crystallinity for the donor or acceptor
domain can contribute to the efficient injection of carriers under reverse bias [19,26-30]. In
this paper, we demonstrate PM6: BTP-eC9-based OPDs prepared by incorporating various
concentrations of (6,6)-phenyl-Cy;-butyric acid methyl ester (PC7BM) in the blend film.
We evaluated the optoelectronic properties of these OPDs and the relationship between
their performance and the blend film morphology. In general, the intrinsic Jq of an OPD
can be attributed to charge carrier injection from the electrodes under reverse bias or to
the thermal generation of carriers within the active layer [6]. The energy levels of the
electrodes, transporting layers, and active layer materials govern the values of [ of OPDs.
We observed that efficient electron traps and a deeper highest occupied molecular orbital
(HOMO) of PC71BM contributed to the ultralow values of /4 of our OPDs, by decreasing the
excessive injection current [5]. Furthermore, the presence of PCy1BM tailored the hole and
electron mobilities of the active layer, allowing efficient carrier recombination with short
rise and fall times [2,19,24,29,31]. Our optimized OPD displayed an ultrahigh value of R of
0.59 A W~ in the IR region with a value of D* of greater than 10'2 Jones and an impressive
cut-off frequency of 0.45 MHz (at —1.5 V, at an active area of 10 mm?; this value improved
to 0.61 MHz at a smaller active area of 4 mm?). The rise and fall times of this OPD were
rapid: 114 and 110 ns, respectively. Notably, the response speeds of solution-processed
bulk-heterojunction (BHJ) OPDs are generally relatively slow (in the range 10-100 kHz),
with only a few reported in the MHz region [32]. Accordingly, the performance of our
solution-processed OPD is among the best ever reported, and suggests the possibility of
developing optoelectronic devices incorporating OPDs prepared through such NFA ternary
strategies.

2. Materials and Methods

The fabrication and characterization of the devices were described in Supporting
Information Sections S1 and S2.

The preparation of active layer was described as follows. Poly((2,6-(4,8-bis(5-(2-ethylhexyl-
3-fluoro) thiophen-2-yl)-benzo(1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3'-di-2-thienyl-5',7'-bis(2-
ethylhexyl)benzo(1’,2"-c:4’ 5'-¢’)dithiophene-4,8-dione)) (PBDB-TE-2F) (PM6, Organtec.
Ltd., Chicago, IL, USA) were used as the donor (denoted as D), 2,2 -((12,13-Bis(2-butyloctyl)-
12,13-dihydro- 3,9-dinonylbisthieno-(2",3"":4’ 5')thieno-(2’,3":4,5)pyrrolo-(3,2-e:2/,3'-g)(1-
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3)benzothiadiazole-2,10-diyl)bis(methylidyne(5,6-chloro-3-oxo-1H-indene-2,1(3H)- diylid-
ene)))bis(propanedinitrile) (BTP-eC9) (C9, Organtec. Ltd., Chicago, IL, USA) were used
as the acceptor (denoted as A1) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)-C-71,
(PCy1BM, 1-Material Inc., Dorval, QC, Canada) was used as the dopant (denoted as A2).
The donor, acceptor, and dopant were mixed at the weight ratio of D: A1l: A2 =1: 1.2: x
(x=0.1, 0.5, 1.0) in anhydrous chlorobenzene (CB) (99.8%, Sigma-Aldrich Inc., St. Louis,
MO, USA). The mixture was stirred at 60 °C for 19 h to obtain the coating solution of the
active layer. The prepared coating solution needs to be heated to 120 °C for 20 min before
the coating process.

3. Results and Discussion

Figure 1a displays the materials used in this study. The center of BTP-eC9 features a
fused-ring structure that can undergo efficient packing for enhanced carrier transport, and a
side branch with a long carbon chain to ensure high solubility [17,23,33]. The energy levels
of the lowest unoccupied molecular orbital (LUMO) and HOMO of the PM6 donor are
—3.61 and —5.51 eV, respectively; those of the BTP-eC9 acceptor are —4.05 and —5.64 €V,
respectively (Figure 1b). PM6:BTP-eC9-based OPVs have displayed PCEs of close to
18%, with good photocurrents, open-circuit voltages (Voc), and fill factors, making them
good candidates for use in OPD applications [17]. The HOMO energy level of PC7;BM
ensures a large injection barrier with respect to PM6 or BTP-eC9; therefore, we excepted
the system to suppress the injection dark current under reverse bias [34]. Previous reports
have revealed that intermolecular interactions between PC71BM and NFA moieties can
disrupt the formation of large NFA crystals and lead to compatible domains dispersed
well within the conjugated polymer matrix. With a gradient distribution of the donor and
acceptor moieties in a BHJ morphology, the presence of PC7BM can further suppress the
dark current, while also providing efficient electron traps, to improve the performance of
OPDs [5,35-37]. The embedding of PC7;BM can be used to tailor the hole and electron
mobilities of ternary blends and, thereby, balance charge transport [38—40].

Figure 1. (a) Chemical structures and (b) energy levels of the materials used to prepare the OPDs.
(c) Structure of the OPDs.
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To begin this study, we measured the contact angles, surface energies, and Flory—
Huggins parameters (to determine the miscibility of the blend moieties) of the materials
and their blend films. To provide the contact angles, we used water and diiodomethane
as probe solvents. Table S2 lists the various parameters. Surface energies can be used
as indicators of compatibility and to evaluate the distribution of the blend moieties. The
interaction parameter x is a measure of the compatibility and kinetic stability of a blend
film morphology [41-43]. A low value of x implies strong molecular interactions between
the materials, leading to a well-mixed blend morphology. The values of x for PM6 paired
with BTP-eC9 and PC7 BM were 0.35 and 1.07, respectively. The moderate value of x for the
PM6: BTP-eC9 pair suggested phase segregation of the blend. A high content of PC71BM
can result in high degrees of phase segregation for PM6:PC7BM binary blends and also
within ternary blends. The value of x for BTP-eC9:PC7 BM (0.19) was smaller than those of
PM6: BTP-eC9 and PM6:PC7BM, suggesting that the interaction of PCy; BM with BTP-eC9
was strong and would lead to their relatively good mixing.

We fabricated the photodiode OPDs to have the structure indium tin oxide (ITO)/ZnO/
active layer (for a normal device: active area = 10 mm?)/MoQ;/Ag (Figure 1c). We
evaluated the performance of PM6:BTP-eC9 OPDs exhibiting an optimized blend ratio of
1:1.2 (control device), similar to that of optimized OPV devices [17,33,44,45]. We monitored
the dark current of the control OPDs upon changing the thickness of the active layer.
Figure S1 reveals a decrease in the value of [4 of the OPDs upon increasing the thickness of
the active layer from 100 to 160 nm; thereafter, it remained at a similar level for thicknesses
up to 330 nm. Further increasing the thickness to 400 nm resulted in an increase in the
dark current of the device. Therefore, we chose a thickness of 330 nm for the active layer of
the normal binary OPD and for comparison with the ternary OPDs. Typically, a thicker
active layer should lead to a device displaying a lower dark current; we attribute the higher
values of J4 of the PM6: BTP-eC9 OPDs featuring thicker films to the high crystallinity
of BTP-eC9. The ternary OPDs featured various blend ratios of the PM6 donor to the
acceptors, from 1:1.2 to 1:2.2; we screened the feed ratios of BTP-eC9 and PC71BM to further
optimize the conditions. Herein, we denote the OPDs incorporating PM6: BTP-eC9:PC7;BM
(1:1.2:X) ternary blends as “X-PCBM” devices; for example, the OPD featuring PM6: BTP-
eC9:PCyBM at a weight ratio of 1:1.2:0.1 is denoted as the 0.1-PCBM device. The thickness
of the OPDs was controlled to approximately 330 nm by adjusting the spin rate (Table S3).
Figure 2a displays the dark current behavior of the various OPDs. We observed a shift in
the zero current voltage for the control and 1-PCBM OPDs, presumably because of internal
charge accumulation during the dynamic processes of carrier injection, recombination, and
transport [46]. The control PM6:BTP-eC9 displayed an excellent dark current at zero bias,
but it underwent a rapid increase upon increasing the reverse bias. In general, optimizing
the acceptor results in an OPV displaying an excellent value of V¢ (by minimizing the
difference between the HOMO and LUMO energy levels of the donor and acceptor) and an
optimized degree of light-harvesting (with a small band gap and acting as an NIR absorber).
State-of-the-art NFA materials have a HOMO energy level (e.g., for Y6: —5.64 eV) close to
that of the donor (e.g., for PM6: —5.51 eV), resulting in relatively low efficiency at blocking
the hole injection current. The values of J4 (at a reverse bias of —1 V) J; of the control,
0.1-PCBM, 0.5-PCBM, and 1-PCBM devices were 1.68 x 1077, 5.53 x 1077,3.27 x 1077,
and 1.78 x 1071 A cm~2, respectively. Thus, significant decreases in the values of J4
occurred for the OPDs containing higher contents of PC7BM. This observation implies
that a sufficient content of PC7;BM enhanced the energy level barrier for inhibiting the
injection current.
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Figure 2. (a) Dark current curves of the OPDs. (b) LDRs of the OPDs under zero bias. (¢) LDRs of
0.5-PCBM and 1-PCBM at —1 V.

Next, we used optical microscopy (OM) and tapping-mode atomic force microscopy
(AFM) to examine the blend morphologies and determine how they governed the OPD
performance. Figure 3a presents OM images of the blend films. The control, 0.1-PCBM,
and 0.5-PCBM films were featureless. A large degree of aggregation was evident for the
film of 1-PCBM, presumably arising from the aggregation of PCBM. The surface roughness
(Ra, under 1 x 1 um scale) of the control, 0.1-PCBM, 0.5-PCBM, and 1-PCBM blends were
3.2,3.8, 6.4, and 4.4 nm, respectively. Thus, the roughness of the 0.1-PCBM and 0.5-PCBM
blends increased as a result of the presence of PCBM. Notably, the AFM image of 1-PCBM
displayed no large-scale aggregation of PCBM, suggesting that the low value of Ra might
have been due to the actual loading of PCBM being lower than that in 0.5-PCBM over the
examined area. Figure S2 presents AFM phase images of our blend films. We attribute the
rod-like phase morphologies of these blends to highly crystalline BTP-eC9 domains. High
densities of rod-like structures appeared for the control and 0.1-PCBM blends. Further
increasing the content of PCBM led to a lower degree of rod-like structures, implying that
PCBM inhibited the crystallinity of BTP-eC9. According to these morphological studies,
one reason for lower dark currents for the 0.5-PCBM and 1-PCBM OPDs might have been
their higher degrees of aggregation of PCBM, forming quenching sites that prevented the
current from flowing out. Again, high loading of PCBM in the ternary blend provided an
efficient injection barrier that suppressed the value of [4 of the OPD.
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Figure 3. (a) OM images, (b) topographical and (c) 2D-FFT-converted AFM images of the blend films.

We used the two-dimensional fast Fourier transform (2D-FFT) model to examine
the AFM images of the blend films, to better understand the respective directivity and
symmetry, according to their phase diagrams [13,47,48]. To decompose the harmonic
components of the AFM signals, we employed Gwyddion software for image analysis by
applying the series of data of arbitrary dimensions without resampling; we applied filtering
to exclude potential linear asymmetry, according to previous reports [13,48-50]. Figure 3c
reveals that all of the films blended with PC7BM had the same diffraction peaks as those
of PCyBM itself, indicating that the directionality and symmetry of the films improved
after blending with PC7 BM. The higher molecular order of the blend films would enhance
their optoelectronic properties.

We performed grazing-incidence wide-angle X-ray scattering (GIWAXS) of the films
of the blends and their pure materials to obtain information regarding their molecular
packing. Figure S3 reveals that the characteristic peaks of the films of pure PM6, BTP-eC9,
and PC71BM appeared at 0.334, 1.624, and 1.348 A~1, respectively. The positions of these
characteristic peaks are consistent with those reported previously in the literature [17,45,51].
Two distinct patterns, located at 1.627 A~! (mainly contributed by the 7-stacking of BTP-
eC9) and 0.326 A~1, appeared for the PM6:C9 blend film (Figure 4a). A weaker signal
appeared at 1.6244 A~ for the 0.1-PCBM sample, indicating that the 7-stacking of BTP-eC9
was weakened in the presence of PCBM (Figure 4b). Further increasing the PCBM content
(i.e., 0.5-PCBM) led to the disappearance of the signal at 1.627 A~ (Figure 4c), suggesting
that the embedding of a high content of PCBM inhibited the crystallization of BTP-eC9,
consistent with the findings from the AFM phase images. For the 1-PCBM sample, the
signal at 1.627 A~ reappeared, along with a signal at 1.3187 A~ representing crystalline
PCBM (Figure 4d), implying that over-aggregation of PCBM allowed BTP-eC9 to recover
its crystallinity. A higher content of PCBM led to large degrees of aggregation and/or
crystal formation in the 1-PCBM sample (consistent with its OM image). Figure 4e displays
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cartoon images of the blend film morphology; the differences in miscibility among PM6,
BTP-eC9, and PCBM were responsible for the variations in the morphologies of the ternary
blends, with PCBM suppressing the molecular packing of BTP-eC9. These changes in
morphology (aggregation of PCBM; n-stacking of BTP-C9) for 0.5-PCBM and 1-PCBM
were responsible for their lower values of J4 [29].

@) 2 () 2
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1 BM
PC.,.BM
PM6

BTP-eC9

Ternary

Figure 4. (a—d) GIWAXS images of the (a) binary, (b) 0.1-PCBM, (c) 0.5-PCBM, and (d) 1-PCBM
blends. (e) Cartoon illustration of blend morphology.

We determined the LDRs of our OPDs under various light intensities. To avoid
overestimating their values, we calculated the LDRs (without considering the noise current)
by using the following Equation (1) [52]:

LDR (dB) = 20 x log (@) (1)
min
where [max is the current feedback under the strongest light intensity and Jpn is the current
generated under low light intensity (greater than the dark current). At 0V, the LDRs of
the control, 0.1-PCBM, 0.5-PCBM, and 1-PCBM OPDs were 106.2, 139.4, 142.4, and 144.6
dB, respectively. Figure 2c reveals that, under a —1 V bias, the LDRs of the 0.5-PCBM and
1-PCBM OPDs were 102.3 and 106.3 dB, respectively. Because it lowered the value of J4,
the embedding of PCBM extended the LDR of the OPDs.
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We measured the external quantum efficiencies (EQEs) and responsivities (R) of the
OPDs to evaluate the effects of the blend ratios and morphologies. The EQE of the PMeé:
BTP-C9 binary OPD was close to 70% under zero bias (Figure 5a). The EQE responses of
the 0.1-PCBM and 0.5-PCBM OPDs were similar, but that of the 1-PCBM device was lower,
suggesting that over-aggregation of PCBM increased the content of carrier traps, which
inhibited the extraction of free carriers. Minimizing the dark current while maintaining
high responsivity is a prerequisite for a useful OPD. The photocurrent and dark current are
competitive, with an increase in the bulk resistance of the blend limiting both the current
extraction-out and injection-in. As a result, the lowest value of |4 was that of the 1-PCBM
OPD, but it occurred while sacrificing its EQE response. The EQE curves of the 0.1-PCBM
and 0.5-PCBM OPDs revealed EQE gains of greater than 10% at a reverse bias of —1.5V,
with the highest response at 860 nm of up to 100%. Notably, we could not obtain reasonable
EQE responses from the control and 1-PCBM OPDs, due to a series carrier injection
phenomenon (Figure 54; we checked this phenomenon several times for accuracy). We
suspected that the high molecular order (as revealed in the AFM phase images and GIWAXS
patterns) and relatively high HOMO energy level of BTP-eC9 increased the injection current
under reverse bias, leading to distortion of the EQE responses of the control OPDs; over-
aggregation of PCBM in the 1-PCBM OPD led to a similar phenomenon. We calculated the
values of R according to Equation (2) [53]:

€ -1
R(A) = EQE(A) x 7 (A w ) 2)
where ¢ is the elementary charge, and hv is the incident photon energy. Figure 5b presents
plots of R measured at biases of 0 and —1.5 V. At 0 V, the values of R at Apax (860 nm:
Ramax) of the control, 0.1-PCBM, 0.5-PCBM, and 1-PCBM OPDs were 0.43, 0.45, 0.42, and
041 AW, respectively. At —1.5V, the values of Rypmax of the 0.1-PCBM and 0.5-PCBM
OPDs were 0.572 and 0.59 A W1, respectively. To the best of our knowledge, this value of
R for the 0.5-PCBM OPD is among the highest ever reported for a broadband NIR OPD.
We used Equation (3) to calculate the detection ratio [6,30]:

. R
D* = 7\/% (Jones) 3)

where D* is the detectivity (Jones), g is the basic charge (1.6 x 10717 C), and Jurk is the
dark current density, which is dominated by shot noise when ignoring the Johnson noise
and Flicker noise (1 f~1). We recorded the plots of D* under 0 and —1.5 V bias. At0V, the
control, 0.1-PCBM, and 0.5-PCBM OPDs provided values of D* of greater than 1 x 104
Jones at the wavelengths between 350 and 850 nm (Figure S5), because of the same order of
magnitude of their values of J4 (at 0 V, Figure 2a) and their similar responsivities (Figure 5a).
Again, we could not determine the values of D* for the control and 1-PCBM OPDs under
reverse bias because of the unreasonable values of R. Figure 5c reveals the best device
that the value of D* was greater than 2 x 10'2 Jones (at —1.5 V), with a maximum value
of 1.1 x 10'3 Jones at 830 nm. Figure S6 compares our values of D* with those described
previously in the literature; our reported values represent the best performance among the
broadband OPDs [2,10,18-20,22,29,31,32,54-60]. Thus, appropriate blending of PC7 BM
can improve the dark current performance and detectivity of OPD devices.



Nanomaterials 2022, 12, 1378

9 of 14

(]
S0
— Control
o = (.1-PCBM

30 = 0.1-PCBM @ -1.5V
20 ——0.5-PCBM
» e 1.5-PCBM @-1.5V
e 1-PCBM
ﬂ L] L) L] Ll L Ll L
300 400 S00 (210 T00 B0 900 1000

Wavelength (nm)

0.7 o === Control

{=—=0.1-PCBM
0.69 e ,1-PCBM @ -1.5V
e ,5-PCBM
~0.54
0.5-PCBM @-1.5V
Z 0.44=—1-PCBM
-

S00 600 700 800 900 1000
Wavelength (nm)

(a) (b)
10°
—0.1-PCBM @ -1.5V
o |—ospcBM@-1.5v
10 v b v b L] 1] v L) v T v
300 400 500 700 800 900 1000
Wavelenght (nm)

Figure 5. (a) EQE responses and (b) responsivity curves of the OPDs at biases of 0 and —1.5 V.
(c) Plots of D* for the 0.1-PCBM and 0.5-PCBM OPDs at a bias of —1.5 V.

We determined the rise and fall times (for amplitudes between 90 and 10%) by mea-
suring the transient photovoltage (at 530 nm with a light source frequency of 1 kHz under
-1 V) of the OPDs, to evaluate the accumulation of carriers. The corresponding maxi-
mum available frequencies (cut-off frequency at —3 dB: f_34p) of the OPDs revealed the
applicable bandwidth [13]. Figure 6 summarizes the results. The rise/fall times of the
control, 0.1-PCBM, 0.5-PCBM, and 1-PCBM OPDs were 52.6/60.1,2.5/5.6,2.3/1.8, and
4.5/1.6 ps, respectively. The control OPD had relatively lower response speeds, with the
on/off switching of the optical signal displaying distortion in the falling curve region,
implying a slow transfer of the charge. In contrast, the embedding of PCBM allowed the
OPDs to reach the steady-state photocurrent and dark current without distortion of the
waveform between the rise and fall signal (Figure 6a). The 0.5-PCBM device displayed a
fast on/off response (over one order of magnitude faster than the control OPD) because
its optimized blend morphology contributed to balanced charge carrier transport. The
efficient charge separation and charge transfer resulting from the retrained trap density of
the OPDs in the presence of PCBM promoted their response times [2]. We used space charge
limited current (SCLC) measurements to determine the hole and electron mobilities of the
OPDs. We fabricated hole- and electron-only devices to have the structures ITO/PEDOT:
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PSS/active layer/MoO3/Au and ITO/ZnO/active layer/Ca/Al, respectively. The elec-
tron/hole mobilities of the control, 0.1-PCBM, 0.5-PCBM, and 1-PCBM OPDs were 2.3/9.7,
34/95,1.1/4.6,and 9.5/55 x 1074 cm?2 V15, respectively. The difference between the
hole and electron mobilities was lowest for the 0.5-PCBM OPD, confirming that balanced
carrier transport contributed to its rapid response time. We also determined the rise and
fall times of a 0.5-PCBM device with a device area of 0.04 cm? (Figure S7 and Table S4).
The rise and fall times of this smaller device were 114 and 100 ns, respectively; the smaller
active layer area led to fewer defects in the blend film and allowed the OPD to exhibit
response times on the order of nanoseconds. The small-area device provided a dark current
of 3.27 x 1072 A cm~2 at —1 V (Figure S8). In addition, we determined the optoelectronic
properties of a commercially available Si-PD (S1336-44BQ, Hamamatsu, Japan) designed
for precision photometry from the UV to the NIR region. Figure S9 reveals that the values
of D* for our devices were comparable with those of the Si-PD. The determined rise and
fall times of the Si-PD were 588 and 584, respectively. The response times of our 0.5-PCBM
device were not only among the fastest for broadband OPDs but also outperformed those
of the Si-based PD detector (Figure S10). Figure 6b displays the cut-off frequency curves of
our OPDs. The values of f_34p of the control, 0.1-PCBM, 0.5-PCBM, and 1-PCBM OPDs
were 15, 200, 450, and 420 kHz, respectively. The values of f _34p of solution-processed BHJ
OPDs are typically in the range from 10 to 100 kHz, with only a few reports of values in
the MHz region [32]. Again, the cut-off frequency of our 0.5-PCBM OPD (0.45 MHz) is
comparable with those of most other previously reported OPDs. Furthermore, the value of
f 34 of the 0.5-PCBM OPD improved to 0.61 MHz when the device had an active area of
0.04 cm?; in comparison, the value of f _3qp of the Si-PD (51336-44BQ, Hamamatsu, Japan)
was 0.5 MHz. The 0.5-PCBM device displayed an extremely low dark current of less than
10~2 A cm~2 under reverse bias and a high value of R\ max of 0.59 A W1 in the NIR region,
along with values of D* of up to 1.1 x 10'® Jones. The cut-off frequency and response
time of our 0.5-PCBM device were better than those of the commercial Si-PD, highlighting
its potential for use in applications requiring rapid responses (e.g., image photosensors;
medical monitoring) [29]. Again, this performance is the best ever reported for a broadband
NIR OPD.
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£ __-1.0-
=
< = 1.5
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Figure 6. (a) Rise and fall times and (b) cut— off frequencies of the OPDs.
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4. Conclusions

Blending of PC7BM as the third component in PM6: BTP-eC9 OPDs effectively
suppressed the dark currents of the devices. The deep HOMO energy level of PC7;BM, and
its effect on altering the blend film morphology, resulted in efficient blocking of the carrier
injection under reverse bias. The optimized 0.5-PCBM OPD displayed high responsivity of
0.59 A W1 at 860 nm (at —1.5 V) with an ultralow value of 4. At biases of 0 and —1.5V,
we measured high OPD detection ratios of 3.4 x 10'* and 1.1 x 10'3 Jones, respectively. We
measured a value of f_34p of 0.61 MHz for this device, associated with rise and fall times
of 114 and 100 ns, respectively. Thus, our 0.5-PCBM OPD exhibited state-of-the-art OPD
performance, even outperforming a commercial UV-IR Si-PD (from the visible up to 860
nm). This new strategy for device fabrication is, therefore, a feasible approach for achieving
highly efficient broadband OPDs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12081378/s1, S1: Device Fabrication, S2: Characterization techniques, Table S1. Per-
formance of solution-processed photodiodes prepared in recent years, Table S2. Contact angles and
surface energies of the materials, Figure S1. Dark currents of binary devices of various thicknesses,
Table S3. Blend layer thicknesses obtained at various deposition speeds, Figure S2. Tapping-mode
AFM phase images of blend films prepared with various ratios of PC7BM, Figure S3. GIWAXS
image of thin films of the pure materials, Figure S4. EQE spectra of OPDs, Figure S5. Plots of D* for
the OPDs at zero bias, Figure S6. Reported detectivities of solution-processed organic photodiodes,
Figure S7. Rise and fall times of the small-area device (0.04 cm?), Figure S8. Dark current of the
0.5-PCBM device, Table S4. Rise and fall times of Si-PD and 0.5-PCBM devices under a light source
at 530 nm, 1 kHz, and a bias of -1 V, Figure S9. Plots of D* for the Si-PD and 0.5-PCBM devices,
Figure 510. Cut-off frequencies of the Si-PD and 0.5-PCBM devices [61-64].

Author Contributions: Conceptualization, Y.-Y.Y. and C.-P.C.; Data curation, Y.-Y.Y,, C.-P.C., Y.-C.P,
Y.-C.C. and S.-].L.; Formal analysis, Y.-C.P. and Y.-C.C.; Funding acquisition, Y.-Y.Y., C.-P.C. and S.-].L.;
Investigation, Y.-Y.Y., C.-P.C., Y.-C.P, Y.-C.C. and S.-].L.; Project administration, Y.-Y.Y. and C.-P.C.;
Resources, Y.-Y.Y., C.-P.C. and S.-].L.; Supervision, Y.-Y.Y. and C.-P.C.; Validation, Y.-Y.Y. and C.-P.C.;
Writing—original draft, Y.-Y.Y.,, C.-P.C. and Y.-C.P,; Writing—review and editing Y.-Y.Y. and C.-P.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Science and Technology, Taiwan (grant number
MOST 110-2622-E-131-006).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dong, S.; Zhang, K.; Xie, B.; Xiao, J.; Yip, H.-L.; Yan, H.; Huang, E; Cao, Y. High-Performance Large-Area Organic Solar Cells
Enabled by Sequential Bilayer Processing via Nonhalogenated Solvents. Adv. Energy Mater. 2019, 9, 1802832. [CrossRef]

2. Jang, W, Rasool, S.; Kim, B.G.; Kim, J.; Yoon, J.; Manzhos, S.; Lee, H.K,; Jeon, I.; Wang, D.H. Superior Noise Suppression, Response
Time, and Device Stability of Non-Fullerene System over Fullerene Counterpart in Organic Photodiode. Adv. Funct. Mater. 2020,
30, 2001402. [CrossRef]

3.  Strobel, N.; Seiberlich, M.; Eckstein, R.; Lemmer, U.; Hernandez-Sosa, G. Organic photodiodes: Printing, coating, benchmarks,
and applications. Flex. Print. Electron. 2019, 4, 043001. [CrossRef]

4. Li, N, Lan, Z,; Cai, L.; Zhu, F. Advances in solution-processable near-infrared phototransistors. |. Mater. Chem. C 2019, 7,
3711-3729. [CrossRef]

5. Lan,Z],; Lei, Y.L; Chan, WK.E.; Chen, S.M.; Luo, D.; Zhu, FR. Near-infrared and visible light dual-mode organic photodetectors.
Sci. Adv. 2020, 6, eaaw8065. [CrossRef] [PubMed]

6. Simone, G.; Dyson, M.].; Meskers, S.C.].; Janssen, R.A.].; Gelinck, G.H. Organic Photodetectors and their Application in Large
Area and Flexible Image Sensors: The Role of Dark Current. Adv. Funct. Mater. 2020, 30, 1904205. [CrossRef]

7. Wu, Z.; Yao, W.; London, A.E.; Azoulay, ].D.; Ng, T.N. Temperature-Dependent Detectivity of Near-Infrared Organic Bulk

Heterojunction Photodiodes. ACS Appl. Mater. Interfaces 2017, 9, 1654-1660. [CrossRef]


https://www.mdpi.com/article/10.3390/nano12081378/s1
https://www.mdpi.com/article/10.3390/nano12081378/s1
http://doi.org/10.1002/aenm.201802832
http://doi.org/10.1002/adfm.202001402
http://doi.org/10.1088/2058-8585/ab56dd
http://doi.org/10.1039/C8TC06078A
http://doi.org/10.1126/sciadv.aaw8065
http://www.ncbi.nlm.nih.gov/pubmed/32064330
http://doi.org/10.1002/adfm.201904205
http://doi.org/10.1021/acsami.6b12162

Nanomaterials 2022, 12, 1378 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Li, N.; Lau, Y.S,; Xiao, Z.; Ding, L.; Zhu, F. NIR to Visible Light Upconversion Devices Comprising an NIR Charge Generation
Layer and a Perovskite Emitter. Adv. Opt. Mater. 2018, 6, 1801084. [CrossRef]

Tang, H.; Zhong, J.; Chen, W.; Shi, K; Mei, G.; Zhang, Y.; Wen, Z.; Miiller-Buschbaum, P.; Wu, D.; Wang, K; et al. Lead Sulfide
Quantum Dot Photodetector with Enhanced Responsivity through a Two-Step Ligand-Exchange Method. ACS Appl. Nano Mater.
2019, 2, 6135-6143. [CrossRef]

Gasparini, N.; Gregori, A.; Salvador, M.; Biele, M.; Wadsworth, A.; Tedde, S.; Baran, D.; McCulloch, I.; Brabec, C.J. Visible and
Near-Infrared Imaging with Nonfullerene-Based Photodetectors. Adv. Mater. Technol. 2018, 3, 1800104. [CrossRef]

Zafar, Q.; Ahmad, Z. Dual donor bulk-heterojunction to realize a quick and more sensitive organic visible photodector. ]. Mater.
Sci. Mater. Electron. 2018, 29, 11144-11150. [CrossRef]

Biichele, P; Richter, M.; Tedde, S.F; Matt, G.J.; Ankah, G.N.; Fischer, R.; Biele, M.; Metzger, W,; Lilliu, S.; Bikondoa, O.; et al. X-ray
imaging with scintillator-sensitized hybrid organic photodetectors. Nat. Photon. 2015, 9, 843-848. [CrossRef]

Lee, C.C; Estrada, R.; Li, Y.Z,; Biring, S.; Al Amin, N.-R.A; Li, M.Z; Liu, S.W.; Wong, K.T. Vacuum-Processed Small Molecule
Organic Photodetectors with Low Dark Current Density and Strong Response to Near-Infrared Wavelength. Adv. Opt. Mater.
2020, 8, 2000519. [CrossRef]

Grimoldi, A.; Colella, L.; La Monaca, L.; Azzellino, G.; Caironi, M.; Bertarelli, C.; Natali, D.; Sampietro, M. Inkjet printed polymeric
electron blocking and surface energy modifying layer for low dark current organic photodetectors. Org. Electron. 2016, 36, 29-34.
[CrossRef]

Biele, M.; Montenegro Benavides, C.; Hiirdler, J.; Tedde, S.E; Brabec, C.J.; Schmidt, O. Spray-Coated Organic Photodetectors and
Image Sensors with Silicon-Like Performance. Adv. Mater. Technol. 2019, 4, 1800158. [CrossRef]

Xie, B.; Xie, R.; Zhang, K; Yin, Q.; Hu, Z.; Yu, G.; Huang, F; Cao, Y. Self-filtering narrowband high performance organic
photodetectors enabled by manipulating localized Frenkel exciton dissociation. Nat. Commun. 2020, 11, 2871. [CrossRef]

Cui, Y.; Yao, H.; Zhang, J.; Xian, K.; Zhang, T.; Hong, L.; Wang, Y.; Xu, Y.; Ma, K; An, C.; et al. Single-Junction Organic Photovoltaic
Cells with Approaching 18% Efficiency. Adv. Mater. 2020, 32, 1908205. [CrossRef]

Kim, LK; Li, X.; Ullah, M.; Shaw, PE.; Wawrzinek, R.; Namdas, E.B.; Lo, S.C. High-Performance, Fullerene-Free Organic
Photodiodes Based on a Solution-Processable Indigo. Adv. Mater. 2015, 27, 6390-6395. [CrossRef]

Bristow, H.; Jacoutot, P.; Scaccabarozzi, A.D.; Babics, M.; Moser, M.; Wadsworth, A.; Anthopoulos, T.D.; Bakulin, A.; McCulloch,
I.; Gasparini, N. Nonfullerene-Based Organic Photodetectors for Ultrahigh Sensitivity Visible Light Detection. ACS Appl. Mater.
Interfaces 2020, 12, 48836—48844. [CrossRef]

Zhao, Z.; Wang, ].; Xu, C.; Yang, K.; Zhao, F.; Wang, K; Zhang, X.; Zhang, F. Photomultiplication Type Broad Response Organic
Photodetectors with One Absorber Layer and One Multiplication Layer. |. Phys. Chem. Lett. 2020, 11, 366-373. [CrossRef]

Jiang, B.H.; Wang, Y.P; Liao, C.Y.; Chang, YM.; Su, Y.W,; Jeng, R.].; Chen, C.P. Improved Blend Film Morphology and Free Carrier
Generation Provide a High-Performance Ternary Polymer Solar Cell. ACS Appl. Mater. Interfaces 2021, 13, 1076-1085. [CrossRef]
Li, W.; Xu, Y.L.; Meng, X.Y,; Xiao, Z.; Li, RM,; Jiang, L.; Cui, L.H.; Zheng, M.]; Liu, C.; Ding, L.M.; et al. Visible to Near-Infrared
Photodetection Based on Ternary Organic Heterojunctions. Adv. Funct. Mater. 2019, 29, 1808948. [CrossRef]

Jiang, B.-H.; Chen, C.-P; Liang, H.-T.; Jeng, R.-].; Chien, W.-C.; Yu, Y.-Y. The role of Y6 as the third component in fullerene-free
ternary organic photovoltaics. Dyes Pigm. 2020, 181, 108613. [CrossRef]

Wang, F; Yang, X.-Y.; Niu, M.-S.; Feng, L.; Hao, X.-T. Forster resonance energy transfer and morphology optimization for
high-performance ternary organic photodetectors. Org. Electron. 2019, 67, 146-152. [CrossRef]

Liang, W.Q.; Li, Y.;; Ma, ].L.; Wang, Y; Yan, ].J.; Chen, X.; Wu, D,; Tian, Y.T.; Li, X.J.; Shi, Z.F. A solution-processed ternary copper
halide thin films for air-stable and deep-ultraviolet-sensitive photodetector. Nanoscale 2020, 12, 17213-17221. [CrossRef]

Zhao, Y.; Li, C,; Shen, L. Recent advances on organic-inorganic hybrid perovskite photodetectors with fast response. InfoMat 2019,
1,164-182. [CrossRef]

Liu, G,; Li, T.; Zhan, X.; Wu, H.; Cao, Y. High-Sensitivity Visible-Near Infrared Organic Photodetectors Based on Non-Fullerene
Acceptors. ACS Appl. Mater. Interfaces 2020, 12, 17769-17775. [CrossRef]

Strobel, N.; Seiberlich, M.; Rodlmeier, T.; Lemmer, U.; Hernandez-Sosa, G. Non-Fullerene-Based Printed Organic Photodiodes
with High Responsivity and Megahertz Detection Speed. ACS Appl. Mater. Interfaces 2018, 10, 42733-42739. [CrossRef]

Huang, J.; Lee, ].; Vollbrecht, J.; Brus, V.V.; Dixon, A.L.; Cao, D.X.; Zhu, Z.; Du, Z.; Wang, H.; Cho, K,; et al. A High-Performance
Solution-Processed Organic Photodetector for Near-Infrared Sensing. Adv. Mater. 2020, 32, 1906027. [CrossRef]

Wu, Y.L,; Fukuda, K.; Yokota, T.; Someya, T. A Highly Responsive Organic Image Sensor Based on a Two-Terminal Organic
Photodetector with Photomultiplication. Adv. Mater. 2019, 31, 1903687. [CrossRef]

Yoon, S.; Lee, G.S.; Sim, K.M.; Kim, M.].; Kim, Y.H.; Chung, D.S. End-Group Functionalization of Non-Fullerene Acceptors for
High External Quantum Efficiency over 150000% in Photomultiplication Type Organic Photodetectors. Adv. Funct. Mater. 2021,
31, 2006448. [CrossRef]

Saggar, S.; Sanderson, S.; Gedefaw, D.; Pan, X.; Philippa, B.; Andersson, M.R;; Lo, S.C.; Namdas, E.B. Toward Faster Organic
Photodiodes: Tuning of Blend Composition Ratio. Adv. Funct. Mater. 2021, 31, 2010661. [CrossRef]

Jiang, B.-H.; Chan, P-H.; Su, Y.-W.; Hsu, H.-L,; Jeng, R.-].; Chen, C.-P. Surface properties of buffer layers affect the performance of
PM6:Y6-based organic photovoltaics. Org. Electron. 2020, 87, 105944. [CrossRef]


http://doi.org/10.1002/adom.201801084
http://doi.org/10.1021/acsanm.9b00889
http://doi.org/10.1002/admt.201800104
http://doi.org/10.1007/s10854-018-9198-6
http://doi.org/10.1038/nphoton.2015.216
http://doi.org/10.1002/adom.202000519
http://doi.org/10.1016/j.orgel.2016.05.021
http://doi.org/10.1002/admt.201800158
http://doi.org/10.1038/s41467-020-16675-x
http://doi.org/10.1002/adma.201908205
http://doi.org/10.1002/adma.201502936
http://doi.org/10.1021/acsami.0c14016
http://doi.org/10.1021/acs.jpclett.9b03323
http://doi.org/10.1021/acsami.0c19198
http://doi.org/10.1002/adfm.201808948
http://doi.org/10.1016/j.dyepig.2020.108613
http://doi.org/10.1016/j.orgel.2019.01.020
http://doi.org/10.1039/D0NR03630G
http://doi.org/10.1002/inf2.12010
http://doi.org/10.1021/acsami.0c00191
http://doi.org/10.1021/acsami.8b16018
http://doi.org/10.1002/adma.201906027
http://doi.org/10.1002/adma.201903687
http://doi.org/10.1002/adfm.202006448
http://doi.org/10.1002/adfm.202010661
http://doi.org/10.1016/j.orgel.2020.105944

Nanomaterials 2022, 12, 1378 13 of 14

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Strobel, N.; Droseros, N.; Kontges, W.; Seiberlich, M.; Pietsch, M.; Schlisske, S.; Lindheimer, F.; Schroder, R.R.; Lemmer, U.;
Pfannmoller, M.; et al. Color-Selective Printed Organic Photodiodes for Filterless Multichannel Visible Light Communication.
Adv. Mater. 2020, 32, 1908258. [CrossRef]

Lu, J.H.; Cheng, M.T.,; Hsu, H.L,; Liu, SW.; Chen, C.P. Perovskite Photosensors Integrated with Silver Resonant-Cavity Color
Filters Display Color Perception Beyond That of the Human Eye. Adv. Funct. Mater. 2020, 30, 2002503. [CrossRef]

Kushnir, K,; Qin, Y,; Shen, Y.; Li, G.; Fregoso, B.M.; Tongay, S.; Titova, L.V. Ultrafast Zero-Bias Surface Photocurrent in Germanium
Selenide: Promise for Terahertz Devices and Photovoltaics. ACS Appl. Mater. Interfaces 2019, 11, 5492-5498. [CrossRef]

Nath, D.; Dey, P; Joseph, A.M.; Rakshit, ].K.; Roy, ].N. CuPc/C60 heterojunction for high responsivity zero bias organic red light
photodetector. Appl. Phys. A 2020, 126, 627. [CrossRef]

Lin, Y.; Adilbekova, B.; Firdaus, Y.; Yengel, E.; Faber, H.; Sajjad, M.; Zheng, X.; Yarali, E.; Seitkhan, A.; Bakr, O.M.; et al. 17%
Efficient Organic Solar Cells Based on Liquid Exfoliated WS2 as a Replacement for PEDOT:PSS. Adv. Mater. 2019, 31, 1902965.
[CrossRef]

Chen, C.-P; Li, Y.-C,; Tsai, Y.-Y.; Lu, Y.-W. Efficient ternary polymer solar cells with a shelf-life stability for longer than 410 days.
Sol. Energy Mater Sol. Cells 2018, 183, 120-128. [CrossRef]

Hu, R; Zhang, L.; Peng, ].; Zhang, W. Comparative study of charge characteristics in PCPDTBT:fullerenes solar cells. Chem. Phys.
2021, 540, 111004. [CrossRef]

Chuppina, S.V. Anti-Icing gradient organosilicate coatings. Glass Phys. Chem. 2007, 33, 502-509. [CrossRef]

An, Q.; Wang, J.; Gao, W.; Ma, X.; Hu, Z.; Gao, J.; Xu, C.; Hao, M.; Zhang, X.; Yang, C.; et al. Alloy-like ternary polymer solar cells
with over 17.2% efficiency. Sci. Bull. 2020, 65, 538-545. [CrossRef]

Ma, R;; Liu, T,; Luo, Z,; Gao, K.; Chen, K.; Zhang, G.; Gao, W.; Xiao, Y.; Lau, T.-K,; Fan, Q.; et al. Adding a Third Component with
Reduced Miscibility and Higher LUMO Level Enables Efficient Ternary Organic Solar Cells. ACS Energy Lett. 2020, 5, 2711-2720.
[CrossRef]

Jiao, C.; Pang, C.; An, Q. Nonfullerene organic photovoltaic cells exhibiting 13.76% efficiency by employing upside-down solvent
vapor annealing. Int. ]. Energy Res. 2019, 43, 8716-8724. [CrossRef]

Pan, M.-A,; Lau, T-K,; Tang, Y.; Wu, Y.-C,; Liu, T; Li, K.; Chen, M.-C.; Lu, X.; Ma, W.; Zhan, C. 16.7%-efficiency ternary blended
organic photovoltaic cells with PCBM as the acceptor additive to increase the open-circuit voltage and phase purity. J. Mater.
Chem. A 2019, 7,20713-20722. [CrossRef]

Zhang, D.; Zhao, D.; Wang, Z.; Yu, J. Processes Controlling the Distribution of Vertical Organic Composition in Organic
Photodetectors by Ultrasonic-Assisted Solvent Vapor Annealing. Appl. Electron. Mater. 2020, 2, 2188-2195. [CrossRef]

Hosono, N.; Terashima, A.; Kusaka, S.; Matsuda, R.; Kitagawa, S. Highly responsive nature of porous coordination polymer
surfaces imaged by in situ atomic force microscopy. Nat. Chem. 2019, 11, 109-116. [CrossRef]

Bangsund, ].S.; Fielitz, T.R.; Steiner, T.J.; Shi, K.; Van Sambeek, J.R.; Clark, C.P.,; Holmes, R.J. Formation of aligned periodic patterns
during the crystallization of organic semiconductor thin films. Nature Mater. 2019, 18, 725-731. [CrossRef]

Park, H.G.; Jeong, H.C.; Jung, Y.H.; Seo, D.S. Control of the wrinkle structure on surface-reformed poly(dimethylsiloxane) via
ion-beam bombardment. Sci. Rep. 2015, 5, 12356. [CrossRef]

Smolyakov, G.; Cauquil, M.; Severac, C.; Lachaize, V.; Guilbeau-Frugier, C.; Senard, ].M.; Gales, C.; Dague, E. Biophysical
properties of cardiomyocyte surface explored by multiparametric AFM. |. Struct. Biol. 2017, 198, 28-37. [CrossRef]

Wu, J.; Meng, Y.; Guo, X.; Zhu, L,; Liu, E; Zhang, M. All-polymer solar cells based on a novel narrow-bandgap polymer acceptor
with power conversion efficiency over 10%. J. Mater. Chem. A 2019, 7, 16190-16196. [CrossRef]

Lin, Q.; Armin, A.; Lyons, D.M.; Burn, P.L.; Meredith, P. Low noise, IR-blind organohalide perovskite photodiodes for visible
light detection and imaging. Adv. Mater. 2015, 27, 2060-2064. [CrossRef]

Jansen-van Vuuren, R.D.; Armin, A.; Pandey, A.K.; Burn, PL.; Meredith, P. Organic Photodiodes: The Future of Full Color
Detection and Image Sensing. Adv. Mater. 2016, 28, 4766-4802. [CrossRef]

Park, ].B.; Ha, J.W,; Yoon, S.C.; Lee, C.; Jung, I.H.; Hwang, D.H. Visible-Light-Responsive High-Detectivity Organic Photodetectors
with a 1 mum Thick Active Layer. ACS Appl. Mater. Interfaces 2018, 10, 38294-38301. [CrossRef]

Lee, J.; Ko, S.-J.; Lee, H.; Huang, J.; Zhu, Z.; Seifrid, M.; Vollbrecht, J.; Brus, V.V.; Karki, A.; Wang, H.; et al. Side-Chain Engineering
of Nonfullerene Acceptors for Near-Infrared Organic Photodetectors and Photovoltaics. ACS Energy Lett. 2019, 4, 1401-1409.
[CrossRef]

Liu, Z.-X,; Lau, T.-K,; Zhou, G.; Li, S;; Ren, ].; Das, S.K,; Xia, R.; Wu, G.; Zhu, H.; Lu, X,; et al. Achieving efficient organic solar
cells and broadband photodetectors via simple compositional tuning of ternary blends. Nano Energy 2019, 63, 103807. [CrossRef]
Ko, H,; Park, S.; Son, HJ.; Chung, D.S. Wide-Linear-Dynamic-Range Polymer Photodiode with a New Benzo [1,2-b:4,5-b]
dithiophene-Copolymer: The Role of Crystalline Orientation. Chem. Mater. 2020, 32, 3219-3228. [CrossRef]

Zhong, Z.; Peng, F.; Huang, Z.; Ying, L.; Yu, G.; Huang, E; Cao, Y. High-Detectivity Non-Fullerene Organic Photodetectors
Enabled by a Cross-Linkable Electron Blocking Layer. ACS Appl. Mater. Interfaces 2020, 12, 45092—45100. [CrossRef] [PubMed]
Sim, H.R.; Kang, M.; Yu, S.H.; Nam, G.H.; Lim, B.; Chung, D.S. Design and Synthesis of a New Non-Fullerene Acceptor for
High-Performance Photomultiplication-Type—Organic Photodiodes. Adv. Opt. Mater. 2021, 9, 2001836. [CrossRef]
Fuentes-Hernandez, C.; Chou, WE; Khan, TM.; Diniz, L.; Lukens, J.; Larrain, F.A.; Rodriguez-Toro, V.A.; Kippelen, B. Large-area
low-noise flexible organic photodiodes for detecting faint visible light. Science 2020, 370, 698-701. [CrossRef] [PubMed]


http://doi.org/10.1002/adma.201908258
http://doi.org/10.1002/adfm.202002503
http://doi.org/10.1021/acsami.8b17225
http://doi.org/10.1007/s00339-020-03806-w
http://doi.org/10.1002/adma.201902965
http://doi.org/10.1016/j.solmat.2018.04.014
http://doi.org/10.1016/j.chemphys.2020.111004
http://doi.org/10.1134/S1087659607050136
http://doi.org/10.1016/j.scib.2020.01.012
http://doi.org/10.1021/acsenergylett.0c01364
http://doi.org/10.1002/er.4870
http://doi.org/10.1039/C9TA06929A
http://doi.org/10.1021/acsaelm.0c00378
http://doi.org/10.1038/s41557-018-0170-0
http://doi.org/10.1038/s41563-019-0379-3
http://doi.org/10.1038/srep12356
http://doi.org/10.1016/j.jsb.2017.03.001
http://doi.org/10.1039/C9TA04611A
http://doi.org/10.1002/adma.201405171
http://doi.org/10.1002/adma.201505405
http://doi.org/10.1021/acsami.8b13550
http://doi.org/10.1021/acsenergylett.9b00721
http://doi.org/10.1016/j.nanoen.2019.06.003
http://doi.org/10.1021/acs.chemmater.0c00347
http://doi.org/10.1021/acsami.0c13833
http://www.ncbi.nlm.nih.gov/pubmed/32914617
http://doi.org/10.1002/adom.202001836
http://doi.org/10.1126/science.aba2624
http://www.ncbi.nlm.nih.gov/pubmed/33154137

Nanomaterials 2022, 12, 1378 14 of 14

61.

62.

63.

64.

Seiberlich, M.; Strobel, N.; Ruiz-Preciado, L.A.; Ruscello, M.; Lemmer, U.; Hernandez-Sosa, G. Aerosol-Jet-Printed Donor-Blocking
Layer for Organic Photodiodes. Adv. Electron. Mater. 2021, 7, 2000811. [CrossRef]

Yang, W.; Qiu, W.; Georgitzikis, E.; Simoen, E.; Serron, ].; Lee, J.; Lieberman, I.; Cheyns, D.; Malinowski, P.; Genoe, J.; et al.
Mitigating Dark Current for High-Performance Near-Infrared Organic Photodiodes via Charge Blocking and Defect Passivation.
ACS Appl. Mater. Interfaces 2021, 13, 16766-16774. [CrossRef] [PubMed]

Eun, HJ.; Kye, H.; Kim, D,; Jin, L.S.; Jung, ] W.; Ko, S.J.; Heo, J.; Kim, B.G.; Kim, J.H. Effective Dark Current Suppression for
High-Detectivity Organic Near-Infrared Photodetectors Using a Non-Fullerene Acceptor. ACS Appl. Mater. Interfaces 2021, 13,
11144-11150. [CrossRef] [PubMed]

Huang, J.; Lee, ].; Nakayama, H.; Schrock, M.; Cao, D.X.; Cho, K,; Bazan, G.C.; Nguyen, T.Q. Understanding and Countering
Ilumination-Sensitive Dark Current: Toward Organic Photodetectors with Reliable High Detectivity. ACS Nano 2021, 15,
1753-1763. [CrossRef]


http://doi.org/10.1002/aelm.202000811
http://doi.org/10.1021/acsami.1c02080
http://www.ncbi.nlm.nih.gov/pubmed/33820414
http://doi.org/10.1021/acsami.0c22808
http://www.ncbi.nlm.nih.gov/pubmed/33624502
http://doi.org/10.1021/acsnano.0c09426

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

